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ABSTRACT Stable transformants of mammalian cells
from gene transfer often show extreme variability in expression
of the introduced transgene. This occurs from the highly
variable number of copies integrated into the genome and from
position effects on gene expression due to random integration.
We have eliminated both of these constraints on predictable
gene expression by use of a lox recombination vector. The
positive selection vector system is designed to directly select
Cre-mediatedDNA integration at a lox target previously placed
into the genome of cultured mammalian cells. Proper targeting
activates expression of a defective lox-neomycin phosphotrans-
ferase (neo) fusion gene target. With CHO cell lines containing
this target, almost all of the selected transformants (54 of 56
independent G418-resistant colonies) were simple single-copy
integrants of the targeting DNA. To monitor gene expression at
a single chromosomal site, we used a j3-actin promoter-acZ
reporter construct. Independent G418-resistant colonies from
site-specific integration of the reporter gene all showed nearly
identical levels of (galactosidase activity when the reporter
construct integrated at a particular chromosomal position. The
same construct integrated at a second chromosomal position
exhibited a slightly different level of activity, characteristic of
that second position. These results show that Cre-mediated
site-specific integration can facilitate the construction of iso-
genic cell lines and thereby permit reproducible gene expres-
sion in stably transformed cell lines.

Targeted integration of DNA into the genome promises a
simple solution to one of the major problems with gene
transfer into mammalian cells. Cell lines made by standard
DNA-transfer methods show variable gene expression from
both chromosomal position effects and from copy-number
variation between different clones (1). Hence, mutational
analysis of transcriptional regulatory sequences using stable
cell transformants is arduous at best. Site-specific integration
of DNA at a preselected site in the genome should result in
isogenic clonal lines having identical levels of reporter gene
expression. We have confirmed this prediction by targeting
DNA to a predefined genomic site with the Cre recombinase.
Cre is a 38-kDa recombinase protein from bacteriophage P1

that catalyzes reciprocal site-specific recombination between
34-base-pair (bp) loxP sites (2). In bacteria and in vitro Cre
mediates both intramolecular (excisive or inversional) and
intermolecular (integrative) recombination at loxP sites. Sur-
prisingly, Cre also promotes both excisive (3-5) and integra-
tive (6) recombination in eukaryotic cells.
To select targeted integration in a wide range of mamma-

lian cells, we have designed an inactive lox-neo fusion gene
to use as a lox chromosomal target. Cre-mediated integration
of a promoter-ATG-lox targeting vector into the chromoso-
mal target reconstructs a functional ATG-lox-neo fusion

gene and renders cells resistant to the neomycin analogue
G418. We constructed CHO cell derivatives with a single
randomly placed genomic copy of this lox target and then
characterized Cre-mediated targeting in these cells. To mon-
itor gene expression, we placed a f-actin-lacZ reporter gene
into the lox targeting vector, isolated a number of indepen-
dent targeted lines, and measured the resulting level of
,-galactosidase.

MATERIALS AND METHODS
Plasmids and DNA Constructions. Plasmids pBS185 (6),

pBS74 (5), and pRH43 (7) have been described. The defective
lox-neo gene fusion plasmid pSFl (Fig. 1A) was constructed
in a number of steps. First, the 2.4-kilobase (kb) EcoRI-
BamHI fragment of pRH43 containing loxP and the ampicil-
lin-resistance (Ap) gene was ligated to the 2.8-kb EcoRI-Bgl
II neo fragment from pBS74. The first five codons of the neo
gene were removed and the neo coding region was fused
in-frame to the loxP site by PCR overlap mutagenesis using
synthetic primers (8), to give pSF1. The resulting product
was sequenced and is shown in Fig. 1A. Because the N
terminus of neomycin phosphotransferase is nonessential (9),
we expected that provision of a translational start signal to
the pSF1 construct (by Cre-mediated recombination; see
below) would result in a functional lox-neo fusion protein.
The 2.6-kb Chinese hamsterDHFR minigene from pMG1 (10)
was cloned into the BamHI site of pSF1 to generate pSF14
(Fig. 1A).
The targeting vector pBS226 (Fig. 1B) was constructed by

digesting pUC18 with Asp718, filling in the cohesive ends,
and religating the DNA. Synthetic oligonucleotides were
inserted into the polylinker to generate (i) a new AUG start
having optimized eukaryotic and prokaryotic translational
start signals, and (ii) a novel loxGIC2 site with a Sph I site at
one end. Finally, the 0.8-kb Xba I hCMV fragment from
pBS185 was inserted to give pBS226. The human /3-actin
promoter-lacZ cassette (fusion is at position 52 of the /3-actin
sequence) with the simian virus 40 polyadenylylation site was
obtained on a 3.95-kb BamHI-Bgl II fragment (from J.
Rossant, University of Toronto, through R. Scott, DuPont)
and was cloned into the BamHI site of pBS226 in both
orientations to give pSF18 and pSFl9 (Fig. 1B). The 600-bp
promoter lacks both the upstream region and the enhancer-
containing intervening sequence (11).

Cell Lines and Gene Transfer. The lox-neo target was
placed into the DHFR- CHO cell line DG46 (12) by electro-
porating 107 cells in 0.8 ml with 1 ,ug of pSF14, using a single
pulse of 450 V at 500 ,uF from a Bio-Rad Gene Pulser (13).
One day later cells were selected for growth in a- medium
(which lacks deoxyribonucleosides and ribonucleosides) sup-
plemented with 15% dialyzed fetal bovine serum. Southern

Abbreviations: DHFR, dihydrofolate reductase; hCMV, human cy-
tomegalovirus.
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FIG. 1. Site-specific integration vectors. lox sites are indicated by
short, stubby arrows. (A) Sequence of the loxP region in the lox-neo
target vectors pSFl and pSF14. The unmodified neo gene sequence
is shown in brackets. DHFR, dihydrofolate reductase; Ap, ampicillin
resistance; (A)n, simian virus 40 polyadenylylation signal. (B) Se-
quence of the lox region in the targeting vectors pBS226, pSF18, and
pSFl9. The human cytomegalovirus (hCMV) region and the ATG
start used after integration are boxed. S-D indicates a prokaryotic
ribosome binding site (Shine-Dalgarno site). Restriction sites: B,
BamHI; H, HindIII; N, Nco I; S, Sal I; Sm, Sma I; Sn, SnaBI; Sp,
Sph I; X, Xho I; Xb, Xba I. Bold letters indicate unique restriction
sites.

analysis of DNA (14) was performed after transfer to Gene-
ScreenPlus (DuPont).
Cre-mediated integration of the lox targeting vectors used

the same electroporation conditions with 10 j&g of targeting
vector and 20 ,ug of pBS185 to provide transient Cre expres-
sion. Each electroporated sample (-107 cells in 0.8 ml) was
plated into four 10-cm culture dishes. Two days later cells
were selected for growth in medium with G418 (400 ug/ml).
Colony formation was scored 12 days later and individual
clones were selected for expansion.

Assay of 13-Galactosidase. Cells (2 x 106) were plated in a

10-cm dish and cultured for 3 days. Confluent cells were

harvested and kinetic ,3-galactosidase assays (15) were per-

formed in a 96-well dish, using chlorophenol red P-D-
galactoside (4 mg/ml). The OD575 was read at 25°C with a
Molecular Devices Vmax kinetic plate reader. Protein was

determined with the Bio-Rad protein assay.
Karyotype analysis was performed on metaphase spreads

(16) stained with 4',6-diamidino-2-phenylindole. The

StatView Student computer program (Abacus Concepts,
Berkeley, CA) was used for statistical analysis.

RESULTS

Construction of Cell Lines Having a Single lox-iwo Target.
Plasmid pSF1 contains a single lox integration target 5' to a
silent, but activatable, neo gene (Fig. 1A). The first five
codons of the neo gene in pSF1 have been replaced with an
in-frame loxP site but with no initiating AUG. Cre-mediated
recombination of pSF1 with pBS226 (Fig. 1B) regenerates a
functional neo gene: both an in-frame AUG and the promot-
er/enhancer ofthe major immediate early promoter ofhCMV
are provided from pBS226 (Fig. 2).
A DHFR minigene version of pSFl, plasmid pSF14, was

electroporated into the DHFR- CHO cell line DG-46 to give
27 independent DHFR+ colonies. By Southern analysis, 4 of
these 27 isolates contained a single copy of an unrearranged
lox-neo target. In all 4 isolates integration occurred in the
3.1-kb Ap region betwixt the lox site and the C terminus ofthe
DHFR gene (data not shown). To confirm that each line is a
distinct single-copy integrant, genomic DNA was digested
with either EcoRI or Xba I and hybridized with neo (Fig. 3).
As expected for independent single-copy integrants, each
isolate exhibited a unique single band with each digest.

Site-Specific Integration of pBS226 into the Cell Line 14-1-
18. Cell line 14-1-18 was used to verify site-specific integra-
tion of the targeting vector, pBS226, at the chromosomal lox
target. Because recombination regenerates a functional neo
gene, site-specific integrants can be selected directly by
resistance to G418. Table 1 shows the results from transfec-
tion of pBS226 and of the Cre expression vector pBS185 into
14-1-18. Neither pBS226 nor pBS185 alone produced G418-
resistant colonies. However, pBS226/pBS185 cotransfection
stimulated production of G418-resistant colonies >100-fold.
Southern analysis, similar to that shown below, of 24 inde-
pendent isolates verified that all were single-copy site-
specific integrants of pBS226 into the 14-1-18 chromosomal
lox target (data not shown).

Site-Specific Integration of pSF18 and pSFl9 into Recipient
Cell Lines. To detect possible positional effects on gene
expression, we cloned a ,B-actin promoteracZreportergene
into the pBS226 targeting vector to give plasmids pSF18 and

CMV pBS226 Ap

loxGl1C2

IoxP neo (A)n DHFR

COre

loxGlC2 Ap CMV loxP neo (AWn DHFR

5'CC ATGIGTG TCG ATA ACT TCG TAT AGC ATA CAT TAT ACG AAG TTA TAT
START

AAG GGT TCC GGG GTA CCT CTA GAG GTA CCT GGA TTG CAC... 3'

FIG. 2. Activation of a functional lox-neo gene by site-specific
targeting. The circular targeting vector pBS226 and the chromoso-
mal, nonfunctional lox-neo target ofpSF14 are shown. Cre-catalyzed
integration regenerates a functional neo gene. The resulting sequence
is shown at the bottom.
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Table 2. Targeting efficiency for various lox target CHO strains

G418-resistant colonies, frequency x 106

pSF18

Cell line - Cre + Cre

*.- 23.1
_ 9.4

* _ 6.6

4.4

14-1-2
14-1-18
14-1-19
14-1-20

0.5 22.5
0 16
0 11.4
0.5 22.7

pSFl9
- Cre + Cre

0.1 10
0 7.6
0 4.9
0.5 14.8

2.3
2.0

FIG. 3. Cell lines containing a single copy of the lox-neo target.
DNA (5 ,ug) from four independent pSF14 transformants of DG46
was digested with either EcoRI or Xba I and analyzed by Southern
blotting using a neo probe. Markers at right are in kilobases.

pSF19 (Fig. 1). These plasmids differ only in the orientation
of the reporter gene: in pSF19 the /3-actin and hCMV pro-
moters are adjacent and direct divergent transcription; in
pSF18 the 3-actin promoter is 3.5 kb from the hCMV
promoter and transcription of neo and lacZ occurs in the
same direction.
The frequency of targeting (Table 2) with each of these two

constructs was about the same in all four lox target cell lines,
as indicated by the frequency of Cre-dependent G418 resis-
tance. Only the 14-1-2 and 14-1-20 cell lines exhibited any
spontaneous G418 resistance, and these non-Cre-mediated
events were 40-100 times less frequent than G418 resistance
due to targeting. There were slight differences: both 14-1-2
and 14-1-20 exhibited an -2-fold higher frequency of Cre-
mediated G418 resistance than 14-1-19, and the frequency of
targeting with pSF18 may have been higher than with pSFl9.
These differences are slight, however, and may be attribut-
able to variation due to the electroporation procedure.

Site-specific integration in each G418-resistant colony was
confirmed by Southern hybridization. Fig. 4A shows the
lox-neo region in the parental cell line and the structures
expected after single-copy targeting with either pSF18 or
pSFl9. DNAs digested with both EcoRI and Xho I were
hybridized sequentially with a neo-specific probe and a
hCMV-specific probe. The parental cell line 14-1-2 exhibited
a 2.0-kb neo-specific fragment (Fig. 4B). Integration ofpSF18
at the chromosomal lox site replaced this fragment with a

Table 1. Cre-mediated DNA targeting in cell line 14-1-18
G418R cfu Frequency x 106

DNA colonies plated (G418R/cfu)
Exp. 1
pBS226 0 4.3 x 106 0
pBS185 0 4.3 x 106 0
pBS226 + pBS185 108 3.8 x 106 28

Exp. 2
pBS226 0 3.7 x 106 0
pBS185 0 1.7 x 106 0
pBS226 + pBS185 77 1.7 x 106 45

Cells (107) were electroporated with 10 ,ug of the targeting vector
pBS226, 20 pg of the Cre expression vector pBS185, or with both
plasmids. G418R, G418-resistant; cfu, colony-forming units.

Electroporation was performed as described in Table 1, using 10
pg of either pSF18 or pSF19 with (+ Cre) or without (- Cre) 20 ,ug
of the Cre expression vector pBS185. Results shown are the average
of two or more independent experiments.

3.2-kb band. Similarly, site-specific pSFl9 integration re-
placed the 2.0-kb fragment with a 3.3-kb fragment. The eight
pSF18 and the eight pSF19 G418-resistant transformants all
exhibited the neo fragment diagnostic for site-specific inte-
gration at the chromosomal target lox site. As expected, the
neo fragment of the pSF18 and pSFl9 transformants also
hybridized to the hCMV probe (Fig. 4C). The detection ofbut
a single band with the hCMV probe argues both that there are
no tandem multiple integration events at the chromosomal lox
site and that illegitimate integration events have not oc-
curred. Therefore in each G418-resistant transformant a
single copy of the targeting vector has been integrated at the
chromosomal lox site.

Southern analysis of eight pSF18 and eight pSFl9 trans-
formants of 14-1-20 indicated that these transformants also
contained a single copy of the targeting vector integrated at
the chromosomal lox target, although one of the pSF18
integrants, no. 7 (see below), contained a partial deletion of
the lacZ reporter gene (data not shown). Interestingly, in
addition to the 3.3-kb fragment characteristic of site-specific
integration, two of the eight pSFl9 transformants of 14-1-20
displayed hCMV-hybridizing bands diagnostic of illegitimate
recombination. Only one of these illegitimate events retained
an intact lacZ reporter gene (see below). Such nonselected
cotransformation events are expected to occur randomly at
low frequency. Of the 56 G418-resistant transformants ana-
lyzed, only 2 contained additional illegitimate integration
events.
Gene Expression from the Targeted Single-Copy lacZ Gene.

Each of the 14-1-2 and 14-1-20 derivatives described above
has a single copy of a lacZ reporter gene integrated at the
chromosomal lox target. To heighten responsiveness to chro-
mosomal position effects, we used a ,3-actin promoter from
which the enhancer had been removed (11). Transient ex-
pression experiments with CHO cells indicated that pSF19
produced 4- to 7-fold more fgalactosidase activity than
pSF18 (data not shown), presumably because the 3-actin
promoter was adjacent to the hCMV enhancer in pSF19 and
3.5 kb away in pSF18. We therefore measured j3actin lacZ
expression in the single-copy integrants derived from the cell
lines 14-1-2 and 14-1-20 to see whether or not this orientation
effect was maintained and to assess the reproducibility of
expression in independent isolates.
With few exceptions, cell lines having the targeted plasmid

showed very similar lacZ expression. All pSF18 integrants of
14-1-2 showed roughly the same lacZ activity, the mean value
being 26.4 (Table 3). Integrants of 14-1-2 having lacZ in the
opposite orientation (i.e., pSF19) were also remarkably uni-
form in expression and exhibited a 10-fold higher mean
(-galactosidase activity, 256. Similarly, with cell line 14-1-20
the pSF18 integrants showed a mean P-galactosidase activity
of 28.4 whereas the pSF19 integrants exhibited a 5-fold higher
value, 152.
The exceptions expressing (-galactosidase at higher levels

are surprising, however, because the integrated plasmid

Genetics: Fukushige and Sauer
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Table 3. Expression of P-galactosidase activity from
stable transformants

-Galactosidase activity*
Reporter Transformant 14-1-2 14-1-20
plasmid no. parent parent
pSF18 1 21.5 28

2 20.5 31.5
3 18.5 28.5
4 27 34.5
5 12.5 25
6 56 25
7 23 Ot
8 32.5 26

(Mean ± SE) 26.4 ± 4.7 28.4 ± 1.3
pSF19 1 285 141

2 210 120
3 195 162
4 235 390t
5 157 139
6 331 111
7 267 217
8 367 174

(Mean ± SE) 256 ± 25.0 152 ± 13.6

*Results (pmol of chlorophenol red 3-D-galactoside per min per mg
of protein) are the average of assays from duplicate extracts from
each transformant. Background P-galactosidase activity of 10 pmol
per min per mg of protein in the 14-1-2 parent and 11 pmol per min
per mg of protein in the 14-1-20 parent was subtracted from
activities of the transformants.
tOmitted from the calculations ofthe mean and ofthe standard error
because of deletion of the lacZ reporter (pSF18 integrant no. 7 of
14-1-20) or because of (illegitimate) integration of a second intact
lacZ gene into the genome (pSF19 integrant no. 4 of 14-1-20). See
text.

3.2 kb _-p 3.3 kb

FIG. 4. Single-copy integration of the targeting vector. DNA (5
jig) from eight independent pSF18 and eight independent pSF19
Cre-directed integrants of 14-1-2 was digested with EcoRI and Xho
I and analyzed by Southern blotting. (A) The chromosomal target
before Cre-mediated integration (Recipient) and after targeting with
either pSF18 or pSF19. See Figure 1. (B) Southern blot probed with
neo. (C) The filter in B after removal of the neo probe and probing
with the hCMV fragment.

construct and the chromosomal context are identical in all
cell lines within a set. One anomolous transformant, pSF18
no. 6 of 14-1-2, was therefore examined in more detail.
Although 70% of these cells showed a normal diploid karyo-
type (2N = 22), 30%o of the cells were tetraploid (4N = 44).
In contrast, the parental cell line 14-1-2 had the normal
diploid karyotype. Chromosome duplication and/or tetra-
ploidization therefore may contribute to the occurrence of
these occasional, exceptional site-specific integrants.
Both 14-1-2 and 14-1-20 showed a slight position effect on

expression of the 13-actin-4acZ reporter gene. Application of
the statistical t test to the data in Table 3 indicated that the
higher level of expression from pSF19 in 14-1-2 compared
with 14-1-20 was significant at the 990% confidence level but
that the two lines showed little or no difference in expression
when the (-actin promoter was located 3.5 kb from the
hCMV enhancer (pSF18). We suspect that chromosomal

context may subtly influence the ability of the "enhancer-
less" P-actin promoter to recruit the adjacent hCMV en-
hancer for lacZ expression.

DISCUSSION

The advantages of phage A site-specific DNA recombination
for introducing DNA into the genome have long been appre-
ciated by bacterial geneticists. Recombinant A vectors car-
rying foreign DNA can integrate into the Escherichia coli
chromosome at a specific location by site-specific recombi-
nation directed by the A Int protein. This strategy can
undoubtedly be extended to higher eukaryotes, since certain
members of the Int family of site-specific recombinases (17)
are active in higher eukaryotes. Functional heterologous
expression of site-specific DNA recombinases in eukaryotic
cells has been shown for the Cre protein of coliphage P1 (3,
4), the FLP protein ofSaccharomyces cerevisiae (18, 19), and
the pSR1 recombinase of Zygosaccharomyces rouxii (20).

Previously, a promoterless thymidine kinase (tk) lox vector
(6) was used for Cre-mediated chromosomal targeting, but
selection for tk limits such vectors to cells lacking thymidine
kinase. We therefore developed a lox-neo fusion vector that
can be used in any cultured cell sensitive to G418. Cre-
directed targeting of the lox integration vector into the
genomic lox-neo target is selected directly by resistance to
G418. All 56 integrants analyzed have a copy of the targeting
vector integrated at the chromosomal lox target. Only three
"abnormal" transformants were observed: one showed a
partial deletion of targeting vector sequences and two trans-
formants carried an additional copy of the targeting vector
randomly integrated elsewhere in the genome, presumably by
illegitimate recombination. The remaining transformants had

pSF1 8

pSF1 9

B

Neo

3.2 kt

2.0 kt

:_

C
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a single copy of the targeting vector precisely integrated at
the chromosomal lox target.
The ease and predictability of single-copy transgene tar-

geting promises to be of quite general benefit. However,
Cre-mediated targeting does not itself neutralize position
effects; rather it ensures only that the same position effect
(depending on the genomic location of the lox target) is
imposed on the incoming reporter gene. Cre-mediated tar-
geting thus allows the facile construction of isogenic cell
lines. Routine targeting of a previously characterized chro-
mosomal integration site in either embryonic stem cells or
injected pronuclei also promises to speed the generation of
transgenic animals that reliably express a desired transgene.

Control of positional and copy-number variation is impor-
tant for analysis of gene expression in stable DNA trans-
formants. We have shown that gene expression at a particular
integration site is roughly the same in a number of indepen-
dent isolates. Any observed variation must come from influ-
ences other than copy number and position. One source of
such variation is fluctuation in chromosome number from
aneuploidy or tetrapoidy in cultured cells. Differences in
methylation patterns may also affect gene expression (21).
A small but reproducible position effect on /3-actin-lacZ

expression is seen with integrants at different sites, but only
when the /3-actin promoter and the hCMV promoter/
enhancer are adjacent (pSF19). Cell line 14-1-2 shows 68%
higher expression from pSF19 than 14-1-20, suggesting that
chromosomal position may temper the ability of the hCMV
enhancer to enhance transcription from the (3-actin promoter.
Results with pSF18, where the f3-actin promoter is far from
the hCMV enhancer, show little difference between the two
cell lines, indicating that the effect on pSF19 is not a general
one on 83-actin expression. One possibility is that the hCMV
enhancer is slightly less active at the 14-1-20 target site than
at the 14-1-2 site. Dramatic differences in expression from the
hCMV promoter/enhancer have been observed in transgenic
mice (22, 23) indicating that this strong promoter is itself
susceptible to chromosomal position effects.

Site-specific integration should help in understanding the
basis of position effects. Specific DNA sequences probably
organize the genome into independent transcriptional do-
mains (24-26). Targeted insertion of these sequences with a
reporter gene will facilitate their functional analysis. Strand-
specific somatic hypermutation ofimmunoglobulin genes (27,
28) is a second type of position effect and may be linked to
orientation of the immunoglobulin gene relative to the direc-
tion of DNA replication (29). Effects of orientation on
hypermutation could be determined directly by targeted
integration of DNA.

We thank Annie Colberg-Poley for advice on chlorophenol red
f-D-galactoside/lacZ assays and for critical comments on the manu-
script and Naomi Logsdon for assistance in karyotype analysis. S.F.
was supported by a DuPont-Merck postdoctoral fellowship.
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